ABSTRACT
We follow up our deep ROSAT imaging survey of the Pleiades (Stauffer et ai. 1994) with an analysis of the spectral and temporal characteristics of the X-ray-bright stars in the Pleiades. Raymond & Smith (1977) oneand two-temperature models have been used to fit the position-sensitive proportional counter (PSPC) pulseheight spectra of the dozen or so brightest sources associated with late-type Pleiades members. The best-fit temperatures suggest hot coronal temperatures for K, M, and rapidly rotating G stars, and cooler temperatures for F and slowly rotating G stars. In order to probe the many less X-ray-luminous stars, we have generated composite spectra by combining net counts from all Pleiades members according to spectral type and rotational velocity. Model fits to the composite spectra confirm the trend seen in the individual spectral fits. Particularly interesting is the apparent dependence of coronal temperature on Lx/Lbol. A hardness-ratio analysis also confirms some of these trends. The PSPC data have also revealed a dozen or so strong X-ray flares with peak X-ray luminosities in excess of~10 a°ergs s-i. We have modeled the brightest of these flares with a simple quasi-static cooling loop model. The peak temperature and emission measure and the inferred electron density and plasma volume suggest a very large scale flaring event. The PSPC data were collected over a period of~18 months, allowing us to search for source variability on timescales ranging from less than a day (in the case of flares) to more than a year between individual exposures. On approximately year-long timescales, roughly 25% of the late-type stars are variable. Since the Pleiades was also intensively monitored by the imaging instruments on the Einstein Observatory, we have examined X-ray luminosity variations on the l0 yr timescale between Einstein and ROSAT and find that up to 40% of the late-type stars are X-ray variable. Since there is only marginal evidence for increased variability on decade-long timescales, the variability observed on long and short timescales may have a common physical origin.
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INTRODUCTION
The Pleiades is an important laboratory for the study of main-sequence stellar evolution because of its youth and proximity. With an estimated cluster age~70 million years, many of the intermediateand low-mass dwarfs are still rapidly rotating, providing clues to the evolution of angular momentum and lithium depletion on the main sequence. Rapid rotators are also expected to be copious X-ray emitters, and, at a distance of~127 pc, a large number of intermediateand lowmass cluster members are detectable with X-ray telescopes. Consequently, the Pleiades was one of the primary open clusters observed by the Einstein Observatory (Caillault & Helfand 1985; Micela et al. 1990 ) and ROSAT (Stauffer et al. 1994; Micela et al. 1995) . The analyses presented here represent a continuation of the Stauffer et al. (1994, hereafter Paper I) work. In that study, more than 300 X-ray sources were detected, of which 171 are associated with certain or probable cluster members. We follow up that spatial analysis with spectral and temporal analyses of X-ray sources associated with the late-type Pleiades stars.
The study of stellar X-ray spectra has been difficult because of the relatively poor energy resolution of the Einstein imaging proportional counter (IPC) and the ROSA T position-sensitive proportional counter (PSPC). Nevertheless, many insights have been gained. For example, Schmitt et ai. (1990) , in a comprehensive study of IPC pulse-height spectra of late-type field stars, found that one-and two-temperature Raymond-Smith (1977, hereafter RS) optically thin plasma models fitted to the observed spectra were largely influenced by the signal-to-noise ratio of the data and that continuous emission measure distribution models were equally adequate and, perhaps, more physically meaningful. Schmitt et al. (1990) also found that M dwarfs display evidence of possessing high-temperature gas (T > 107 K) in addition to lower temperature (T~3 x 106 K) material; the F and G dwarfs seemed to have only the Iow-T component.
In a study of the Hyades stars, Stern et al. (1994) found that isothermal coronal plasma models do not fit the observed PSPC pulse-height spectra of the 10 brightest sources in the cluster (the only ones for which fits were attempted). Fits with models having two temperature components suggest that the higher of the two temperature components of the M dwarf coronae are generally hotter than those of the F--G dwarf coronae, similar to the results found by Schmitt et al. (1990) . Stern et al.'s interpretation of their results is that increased volumetric coronal heating, either in a steady fashion or in quasi-continuous flaring, may be producing the trend seen along the main sequence. They warn, though, that both their sample and that of Schmitt et al. are biased toward the high end of the X-ray luminosity function.
Although the stars in the Pleiades are intrinsically more 217 https://ntrs.nasa.gov/search.jsp?R=19970023940 2020-03-01T09:25:35+00:00Z GAGNI_, CAILLAULT, & STAUFFER X-rayluminous thanthose in the Hyades, the fact that they are 3 times more distant means that their X-ray fluxes are similar and, since the ROSAT PSPC exposure times for both clusters were approximately equal, the total counts observed for a typical individual star are approximately the same. Hence, as in the case of the Hyades, only a handful of Pleiades stars have sufficient counts with which to perform model fits to their X-ray spectra. As in the Hyades, this means we are only probing the most X-ray-luminous sources. In order to include fainter Pleiades members, we have constructed composite X-ray spectra for different spectral types as a function of projected rotational velocity (see § 2 below). In this manner, we hope to be able to determine in a statistically significant manner whether the coronal temperatures are dependent on spectral type (as implied by the previous studies) and/or on rotation (in some as yet to be determined manner). In addition, we can confirm (or refute) the expectation (Schmitt 1994 ) that the temperatures of the model components increase during a flare, since we observed one large flare from a star (H II 2147) for which its quiescent state is also sufficiently active to acquire a statistically valid model fit to its X-ray spectrum.
Preliminary temporal analyses of Pleiades X-ray data have been made by Schmitt et al. (1993 ), Stauffer et al. (1994 , and Micela et al. (1995) . Schmitt et al. (1993) compared ROSAT all-sky survey data with IPC data and suggested that the observed source variability in the decade between Einstein and ROSAT may be evidence for solar-like coronal activity cycles. In Paper I we treated the variability in only a cursory manner, determining that, as an ensemble, there is not great variation (less than a factor of~4) in the X-ray emission from these stars over the decade between observations. Micela et al. (1995) find that~90% of the Pleiades stars are not variable (within a factor of~2) on a timescale of approximately 6 months; they also find three stars which flared during their PSPC observation.
Hence, in addition to the spectral analysis, we have followed statistical techniques described by Schmitt et ai. (1993), Gagn6 & , and Gagn6, Caillault, & Stauffer (1995) for measuring the variability of X-ray emission over many different timescales, ranging from minutes to more than a decade. We compare the medium-term variability (timescales of -,-1 yr) of the Pleiades stars with that of younger stars (e.g., those in Orion or p Oph) and older stars (e.g., those in the Hyades), in terms of both frequency and strength of variation. By comparing the ROSAT PSPC and Einstein IPC count rates, we determine whether signatures of long-term solar-like dynamo activity cycles can be observed among the Pleiades stars.
PSPC SPECTRAL ANALYSIS
The ROSAT PSPC data for the core of the Pleiades cluster used in this paper have been described in detail in Paper I. The data consist of three pointed observations with individual exposure times ranging from 20.5 to 27.3 ks and covering a total of~4.5 deg 2. A total of 317 X-ray sources were detected in this area, 171 of which have been associated with known or probable Pleiades cluster members.
The ROSA T X-ray telescope and PSPC have been described in detail by Pfeffermann et al. (1986) and Triimper (1992), respectively. The limited energy resolution (E/AE~2.5 at 1 keV) of the PSPC has allowed us to construct backgroundsubtracted pulse-height spectra of the brighter (net counts >_500) sources. In addition, for faint and bright sources associated with late-type Pleiades members, we have combined the net counts according to spectral type and rotational velocity, thereby allowing us to look for differences in the PSPC spectra of rapidly and slowly rotating F, G, K, and M stars.
PSPC Spectra of Individual Cluster Stars
Of the 171 X-ray sources associated with a single Pleiades cluster member, 15 were detected with 500 or more net counts in at least one of the three PSPC exposures. In the case of the bright X-ray flare star H II 2147 (see § 3), sufficient counts have been collected in and out of flare to construct both flare and quiescent spectra.
Counts have been extracted from 90% power-radius source circles and from concentric background annuli. The local background subtraction procedure we used is described in detail in Paper I. In particular, the background regions have been masked from nearby sources and the effective exposure times for each source have been estimated from broadband PSPC exposure maps.
In some cases a source has been detected in two exposures. In order to improve the signal-to-noise ratio of the X-ray spectra of these stars, the counts in both the source and the background regions from the two exposures have been coadded and net rms errors have been determined. Since the energy response of the PSPC depends on the source's position on the detector, the net energy response of the detector for the co-added spectrum was determined by taking a weighted mean of the individual responses.
The resulting PSPC pulse-height spectra were fitted with one-and two-temperature RS models within PROS. (The PROS software is provided by the Harvard-Smithsonian Center for Astrophysics.) The hydrogen column density was fixed at 2 x 102°cm -2, consistent with the mean color excess E(B-V)~0.04 found in the core of the cluster (see Paper I and references therein). When allowed to float, the best-fit column densities were always in the range (1.6-2.5) x 102°c m-2, thereby supporting our assumption of approximately constant Na, at least for the purpose of fitting PSPC pulseheight spectra. In all cases, we find acceptable fits assuming cosmic abundances. That is not to say, however, that these coronae have cosmic abundances. The energy r_olution and signal-to-noise ratios of the PSPC pulse-height spectra of the Pleiades stars are simply too poor to constrain coronal abundance values.
As was found by Schmitt et aL (1990) for stars detected with the Einstein IPC, we find that single-temperature models adequately fit the observed spectra when the total counts in the spectrum are low. For example, for five of six stars with fewer than 1000 net counts, a single-temperature model provides an acceptable fit, i.e., X_ < 1. This, of course, is an artifact of the X" statistic and indicates that the low-count spectra cannot constrain multitemperature models because of the large relative errors in each spectral bin. For all sources with net counts above I000, two-temperature RS models were required.
In Table 1 we present the results of the RS model fits to the 15 sources with > 500 net counts associated with a known Pleiades cluster member. In column (1) we list the X-ray source number from Paper I; in columns (2)-(4) we list the name, (B-V)o color, and rotational velocity of the Pleiades stars. The remaining columns list the results of the spectral fits. In columns (5)-(10) we list the total number of net counts in the 0.1-2.0 keY band, the best-fit values ofx_, the volume emission measure of the first temperature component (EM !), the temperature of the first component (kTO, EM2, and kT 2, respec- 
tively. Stars with no data in columns (9) and (10) were well fitted with a single-temperature model. We note that the PSPC pulse-height spectra have been corrected for vignetting, the off-axis decrease in telescope sensitivity.
The parameters in Table l In Figure 1 we plot kT2 against kTt for the 10 stars in Table  1 Figure I we see that all three of the stars on which flares were seen have a dominant temperature component kT 1 _> 1 keV. We also note that three of the four stars with kT1 < 1 keV are F stars, while the fourth is a slowly rotating G star. All stars with kTt > 1 keV are rapidly rotating G stars or K stars. No M stars had sufficient counts to constrain a two-temperature model.
These results are in general agreement with those of Schmitt et al. (1990) , who found generally hotter temperatures among K-and M-type dwarfs than among F-and G-type dwarfs observed by the Einstein IPC. We point out that their G star sample contained no stars with v sin i > 16 km s-1. That is, the G stars with "hot" coronae in the Pleiades are rotating much more rapidly than the G stars examined by Schmitt et al. (1990) . Since most field G dwarfs are substantially older than their 70 Myr old counterparts in the Pleiades, the dearth of rapidly rotating field G dwarfs is not at all surprising given the timescales for stellar spin-down. 
Vol. 450
In order to compare results for one-and two-temperature model fits, we introduce a mean temperature,
where N = 1,2 for one-temperature and two-temperature model results, respectively.
For single-temperature models, l a upper and lower bounds were determined by fixing T and fitting EM for 0.1 keV < kT < 2.0 keV with 1 a (68%) confidence corresponding to X2 2 --Xmin --1.0. In order to determine confidence contours for the two-temperature models, a best-fit Z2 value was computed at each point in the kT t versus kT 2 plane by fitting the two remaining free parameters (EMI and EM2). For two "interesting" parameters (kT_ and kT2), 1 a (68%) confidence corresponds to Zz -Zmi,2= 2.3 (Lampton, Margon, & Bowyer 1976; Avni 1976 ). Using equation (1) and the 1 a minima and maxima of each temperature component, we have estimated the 1 a minima and maxima of (kTx),
In columns (11)- (13) of Table 1 we list (kTx), (kTmi,), and (kTm,x). Stars with no data in column (13) indicate that the upper bound is not constrained by the data. Also indicated in columns (14) and (15) are Lx and Lx/L_l.
Lx has been computed by integrating the best-fit RS incident spectrum and assuming a cluster distance of 127 pc (Paper I) and a hydrogen column density of 2 x 1020 cm 2. L_l has been inferred from Table 7 of Paper I.
We note that the X-ray luminosities have been determined using the best-fit incident spectrum and not by assuming a constant count-rate conversion factor, as was done in Paper I. Consequently,
the Lx values in Table ! are slightly different from those in Table 7 of Paper I.
In Figure 2 we plot (kTx) versus Lx/Lbo_ for the stars in Table 1 . We use Lx/Lbo_ as a measure of X-ray activity in these late-type stars because this ratio allows us to estimate what fraction of the star's total energy output is radiated in coronal soft X-rays.
The most striking trend seen in Figure 2 and in Table 1 is a general increase in mean coronal temperature with X-ray activity. While the sample of stars for which X-ray spectra have been fitted is small and biased toward the most luminous stars, See Figure 3 of Jordan & Montesinos (1991) .
Composite PSPC Spectra of Cluster Stars
While the results of the individual spectral fits may be suggestive, the few PSPC pulse-height spectra with sufficient counts to be well constrained are biased toward the most Xray-luminous stars. In order to sample all the X-ray--emitting late-type Pleiades stars, we have generated composite spectra by co-adding spectra of individual stars according to spectral type and rotational velocity. Total source and background counts for all sources in each group were collected for each of the three exposures.
The spectra were co-added by simply summing net counts and determining net rms errors in each energy channel. Since counts from individual sources have
been extracted from different X-ray images and, hence, from different portions of the PSPC detector, the net energy response of the X-ray mirror assembly plus PSPC for the coadded spectrum has been calculated by determining a weighted mean of the individual energy responses.
Since the composite spectrum is a simple sum of individual spectra of different sources, the composite spectrum may be dominated by counts from a handful of stronger sources. While this may bias results toward the stronger sources, an alternative procedure (e.g., co-adding normalized spectra) would introduce larger net errors in the co-added spectrum, thereby poorly constraining the model parameters.
The stars used in these composite spectra are the late-type cluster members [those with (B-V)0 > 0.35] in Table 7 of Paper I. In Table 2 we present a synopsis of the star samples used to generate the composite spectra. In column (1) we group the Pleiades stars according to spectral type and rotational velocity, and in column (2) we list the total number of stars in each group. As before, we define the rapid rotators as those stars with vvin i > 16 km s-1. In column (3) we list the total net counts in the 0.1-2.0 keV passband, and in columns (4)- (7) we list the best-fit X, 2, kTl, log (EMt/EM2), and kT2, respectively, from the RS two-temperature model fits. As can be seen in column (3) of Table 2 , for all but the slowly rotating F stars, > 1000 net counts have been collected in each composite spectrum, allowing relatively tight constraints to be placed on the model parameters.
By the same procedure described in § 2. I, X2 confidence contours were determined for the composite spectra in Table 2 .
In Figure 3 we present the Z2 68% and 90% confidence contours in the kT_ versus kT2 plane for all the F-type and K-type cluster members. Also plotted are the _2 contours for rapidly and slowly rotating G stars. We have omitted the M stars for the sake of clarity. In actuality, the M-star contours are very close to those of the K stars. The crosses indicate the best-fit temperatures.
While, the F-, K-and M-type composite spectra can be adequately fitted without regard to rotation, the spectrum made up of all G stars cannot be adequately fitted 
h -ra In Table 3 we present the hardness ratios and optiCal data for the 137 stars for which HR t or HR 2 could be determined.
In columns (1)- (5) however, that the Schmitt et al. sample is biased toward extremely bright X-ray sources, which, on average, have X-ray activity levels more comparable to those of young dwarfs like the Pleiades than of typically less active field dwarfs.
X-RAY FLARES
The ROSA T PSPC data contain the time of arrival of every detected X-ray photon. From the photon event data we have constructed background-subtracted light curves of every detected source in every one of the long exposures in Table 1 of Paper I, allowing us to look for source variability on timescales as short as 500 s.
Each light curve was visually inspected for signs of variability or obvious flaring. We also used a simple X2 test on each light curve to test the null hypothesis of a constant count rate. While a number of sources were found not to be constant (above the 99% confidence level), only half or so of these showed the characteristic rise and decay of a strong stellar flare. We found no sources showing strong evidence of periodic variability.
In Figure 6 we present light curves for the 12 most convincing cases of X-ray flaring in the PSPC data. In Figure 6 we plot the observed count rate (not corrected for telescope vignetting) with 1 a error bars against time from the beginning of the observation.
Ten of these flares are associated with known, late-type Pleiades cluster members. The most intriguing of the flares is associated with source 191. This source has no cataloged stellar counterpart; however, a very faint star (V> 16) appears less than 10" away on the Palomar Observatory Sky Survey E plate of the region (see Fig. 8 of Paper I). If the counterpart to the observed flare is indeed a Pleiades cluster member, then the peak X-ray luminosity during flare would have reached _ 103t ergs s-i.
All of the flares associated with Pleiades cluster members had peak flare luminosities in excess of 103o ergs s-1, the brightest one, on the G star H II 2147, with L_ "_~2.5 x 1031 ergs s-1. The flares are generally characterized by rise times in the range (I-10) x 103 s, decay times in the range (5-15) x 103 Voi. 450 s, and decay times typically exceeding rise times by a factor of _3.
In Table 4 we summarize our findings for the dozen flares in Figure 6 . In columns (1)-(4) we list the X-ray number, star name, (B-V)o, and (V-1)o colors of the optical counterpart. In columns (5)-(8) we list the quiescent and peak X-ray luminosities as well as the e-folding times of the rise and decay phases of the flare. Only two flare spectra contained sufficient counts to model the peak of the emission: H II 2147 and H II 1516 (see § 3.1 below).
For the sake of consistency, we have assumed the same count rate to luminosity conversion factor as was used in Paper I for all the flares in Table 4 . Since stellar flares are nearly always characterized by temperatures in excess of I key (i.e., > 12 x 106 K) (Poletto, Pallavicini, & Kopp 1988; van den Oord & Mewe 1989; Fisher & Hawley 1990; Schmitt 1994) , we have probably underestimated the true count-rate to luminosity conversion factor. Consequently, the L_ "_ values in Table 4 are lower limits. The rise-time and decay-time upper limits in Table 4 indicate that the rise or the decay phase of the flare was not sufficiently monitored to determine an e-folding time.
Overall, the Pleiades flares are among the brightest X-ray flares ever reported on single, late-type main-sequence dwarfs. Stellar X-ray flares with Lx~103t ergs s -1 have only been reported for the eclipsing binary fl Per (Algol) (van den Oord & Mewe 1989), for the flare star AU Mic (Cully et al. 1994) , and for a handful of pre-main-sequence stars in p Oph (Montmerle et al. 1983) and Orion (Gagn6 et al. 1995 ) and for the Pleiades star H II 1136 as observed by the Einstein IPC (Caillault & Helfand 1985) . During the ROSAT PSPC pointed observation, H II 1136 was not variable above the 99% confidence limit, and no flare was apparent.
Comprehensive surveys of Einstein and EXOSAT observatiohs of stellar X-ray flares have been presented by Haisch (1983) and Pallavicini, Tagliaferri, & Stella (1990) , respectively. While most of those X-ray flares occurred on dMe stars, the ROSAT all-sky survey has found that large flares occur on all types of late-type stars (Schmitt 1994) . Our results confirm the c Although this source has no optical counterpart, we assume a distance of 127 pc. Table  4 ). in rotation rates from the age of the Pleiades (t,~70 Myr) to the age of the Hyades (t,~600 Myr).
Modelino the Flares on H II 2147 and H 1I 1516
Two of the detected flares had sufficiently high count rates to model the PSPC spectrum of the flare peak. In the case of H II 2147, the flare was only seen during one ROSAT orbit with a total exposure time of~1900 s. The ,,-1000 net counts in the flare spectrum were modeled with a two-temperature RS model, the results of which we present in Table 1 . Since the rise and decay of the flare were not observed, there is little else we can infer from the H II 2147 light curve. We point out the enormous emission measure, EM > 2 x 10 s4 cm -3, during flare peak.
The second brightest flare is associated with the late-K type Pleiades star H II 1516. We estimate the e-folding time of the decay phase to be _ 5.0 x 10 a s. The peak of the flare was observed for _ 660 s during one ROSA T orbit. The ,,-400 net counts during this orbit were modeled with a one-temperature RS model. Although the signal-to-noise ratio of the PSPC spectrum of the flare peak is very low, the minimum flare temperature and emission measure we obtain (at the 68% con-fidence level) are kT _ 1.1 keV and 1.2 x 10 s4 cm -3 < EM _< 2.4 x 1054 cm -3. The flare temperature (T >_ 13 MK) is typical of large flares on late-type dwarfs. We cannot constrain the temperature of a very hot plasma because of the low signal-tonoise ratio of the X-ray spectrum and the low sensitivity of the PSPC at energies above~1.4 keV. As a result, we estimate the peak temperature to be To~25 MK, a typical value for latetype flares (Schmitt 1994; Pallavicini et al. 1990 ). As was the case for H II 2147, the volume emission measure of H II 1516 at the onset of the flare, EM~2 x 10 s4 cm-3, is very large.
We can use the observed e-folding time of the decay phase to estimate the average electron density and the total volume of the plasma at the onset of the flare. In the quasi-static cooling loop model (van den Oord & Mewe 1989), one assumes that the flaring plasma decays through a series of stationary loops at constant volume and pressure. These assumptions are in contrast to the modelling schemes of Poletto et al. (1988) and Fisher & Hawley (1990) . However, since the latter two models are more complex and, hence, require more detailed knowledge of the flare decay, we will limit our analysis to quasi-static cooling.
We follow Schmitt (1994) and define two characteristic timescales for the decay phase: the observed e-folding time, rd, and the radiative cooling time defined as
where To, no, and A(To) are the initial plasma temperature, mean electron density, and radiative cooling law, respectively, at the beginning of the decay phase. In the quasi-static loop model, if one assumes no additional heating during the decay phase, the time evolution of the total radiative output reduces to a particularly simple form: To _ 2.5 x 107 K, assuming a cooling law appropriate for this temperature regime A(To) _ 1.3 x 10 -23 ergs cm 3 S-t(van den Oord & Mewe 1989), substituting for ra in equation (6), and solving for equation (4), we obtain a mean electron density no _ 1.3 x 1011 cm 3 This is certainly a lower limit to the peak electron density because the true peak plasma temperature may, in fact, be higher than our estimate.
If we assume a constant electron density throughout the flare loop, we infer from the peak observed emission measure, EM _ 2 x l054 cm -3, a total plasma volume V~1032 cm 3. If the flare is the result of a single coronal loop with aspect ratio (ratio of loop diameter to loop length) _~0.1 (see van den Oord & Mewe 1989), then the inferred loop size is huge, L _ 3 x l0 t 1 cm. That is, L >_6R.. Of course, the flare may be the result of multiple loops, in which case the loop length can be scaled down accordingly. We point out, though, that the large plasma volume may be the result of our underestimate of the peak flare temperature or may be an artifact of the quasi-static cooling loop model. As PLEIADES STARS 229 has been pointed out by Schmitt (1994) , alternative models like the two-ribbon flare model of Poletto et ai. (1988) lead to higher electron densities and more compact loop structures. Higher energy X-ray spectra and more complete temporal coverage of flare events are required to model X-ray flares correctly.
MEDIUM-AND LONG-TERM X-RAY VARIABILITY
The PSPC data for the Pleiades were collected in exposures separated by 6-18 months. The Pleiades was also monitored by Einstein more than a decade ago, allowing us to look at a particular source's variability on medium-and long-term timescales. Throughout this section we employ a procedure for estimating the cumulative count-rate ratio distribution given a pair of observations of a set of X-ray sources first used by Schmitt et al. (1993) and subsequently by Gagn(_ & Caillault (1994) and Gagn6 et al. (1995) .
For each pair of observations of a particular source, we compute a count-rate ratio, r = rh/r/2, where rh and rt2 are the count rates or upper limits from the earlier and later observation, respectively. Since some sources detected in one exposure are observed but not detected in others, the count-rate ratios consist of some upper and lower limits.
We bin the three sets of log r values into three distributions (count-rate ratios, upper limits, and lower limits). The set of r-values for all observations are doubly censored univariate data, and we estimate the "true" distribution of count-rate ratios iteratively using the maximum likelihood estimator described by Schmitt et al. (1993) 
Medium-Term Variability: 1 Year Timescale
The PSPC exposures of the northeast and northwest fields were all observed in 1991 September.
However, the observations of the center field were done in three segments: 1991 February, 1991 August, and 1992 August with exposure times of~4,~16, and~7 ks, respectively. This has allowed us to look at count-rate variations on three timescales: 6 months between 1991 February and 1991 August, 12 months between 1991 August and 1992 August, and 18 months between 1991 February and 1992 August. To eliminate any bias due to the different exposure times of the three observations, we have further divided the individual exposures into appropriately long blocks. That is, to compare the 1991 February and 1991 August data sets, the 1991 August data have been divided into four contiguous blocks of~4 ks.
For each X-ray source associated with a single Pleiades cluster member, we have determined a count-rate or 3 a upper limit in each block of time. For each pair of observations, a count-rate ratio has been determined. Because of the presence of upper limits in both the "before" and "after" data, the count-rate ratios consist of ratios, upper limits, and lower limits. Ratios determined from two upper limits have been discarded.
We have used the iterative maximum likelihood technique described by Schmitt et al. (1993) and Gagn6 & Caillault (1994) to estimate the true count-rate ratio distribution.
In all cases, the distributions are symmetric about log r~0 and, hence, have been folded about log r = 0 to construct cumulative distributions.
In Figure 7 we present the resulting cumulative count-rate ratio distributions from observations separated by 18 months (top panel), 12 months (middle panel), and 6 months (bottom panel) as solid histograms. If the X-ray count rates were very precise, then the resulting distribution of count-rate ratios would indicate intrinsic X-ray variability. However, since many of the sources are detected at or near the source detection threshold, repeated measurements of an intrinsically constant source will produce a broad distribution of count-rate ratios as the result of measurement errors alone. We want to estimate how much of the observed variability is intrinsic and how much is the result of statistical fluctuations alone. Although the fluctuations from a photon counter like the PSPC are, strictly speaking, Poisson distributed, all the sources in this survey have been detected with at least 20 net photons; thus, we assume that a Poisson error distribution can be accurately approximated by an appropriate Gaussian distribution.
We consider the case of a source with a constant intrinsic count rate near the 3 a source detection threshold, where a is the total uncertainty in the source and background counts (see Gagn6 & Caillault 1994) . In this case, the probability of a measurement yielding an upper limit is 0.5, and, after repeated measurements, variations due to statistical fluctuations alone will result in count-rate ratios as well as some upper and lower limits. The resulting distribution of count-rate ratios, upper Vol. 450 limits, and lower limits is used to calculate a maximum likelihood distribution as before.
In Figures 7, 8 , and 9 (see below) we indicate the estimated cumulative distribution due to "errors only" with dotted lines. One of the important consequences of such an error analysis is that, because of the low signal-to-noise ratio of the detected sources, count-rate variations of less than a factor of 2 may not be the result of intrinsic variability but, rather, may be the result of measurement uncertainties.
In Figure 7 the difference between the solid histograms and dotted curves represents a lower limit to the true variability of the X-ray sources. As an ensemble, E ¼ of the Pleiades stars are variable by more than a factor of 2 on all three timescales. Since the three distributions are so similar, we have combined the data to increase our sample size.
In Figure 8 we present the combined cumulative count-rate ratio histogram indicating the observed variability on 6-18 month timescales. The error bar is a typical 1 _ uncertainty in each log r bin. Uncertainties in the cumulative distribution were determined by adding and subtracting 1 o uncertainties in the individual count rates, redetermining a set of count-rate ratios (with upper and lower limits) and recomputing the cumulative maximum likelihood distribution in each case. Since only two strong flares (H II 2147 and H IIl 100) were identified in the center field, the variability observed in over one-quarter of the observations is not only the result of very strong X-ray flaring. Since we have not identified more moderate flaring (L x _< l0 a°ergs s-1), we can only guess at the origin of this variability. We can eliminate fluctuations in the PSPC detector sensitivity as a possible explanation because such variations would have affected all the count rates determined at a particular time. This, in turn, would have skewed the log r values, giving rise to an asymmetric count-rate ratio distribution. This was not observed. We can also eliminate any uncertainties in the off-axis response of the PSPC because all the count rates were determined from the center field alone. That is, count rates for a given source were all collected from the same position on the detector using identical source and background cells.
Our finding that about one-fourth of the late-type Pleiades stars vary by more than a factor of 2 on timescales~1 yr is in J We note that the sample used to compare the Einstein and have constructed composite X-ray spectra for different spectral types as a function of v sin i. Model fits to the composite spectra confirm the results based on individual spectral fits. In addition, we have determined hardness ratios for nearly all the late-type stars. Plots of hardness ratio versus Lx and Lx/Lboj indicate generally higher ratios (i.e., harder spectra) with increased X-ray activity, at least among the F and G stars. X-ray light curves have revealed a dozen strong flares in the PSPC data. Ten of these flares are associated with known Pleiades cluster members. During flares, X-ray luminosities rose by factors of 3-20 with rise times in the range 1-10 ks and decay times in the range 5-15 ks. The ratio of rise to decay time was typically~], similar to long-duration flares observed by EXOSA T and Ginoa (Pallavicini et al. 1990; Stern et al. 1992) . Overall, the Pleiades flares are among the brightest X-ray flares ever reported on single, late-type main-sequence dwarfs. In their analysis of a single PSPC field of the southwest portion of the Pleiades, Micela et al. (1995) detected three strong flares. This is consistent with our detection of 12 flares in three fields. By considering the number of detected flares, the number of observed stars, and the typical monitoring time of a single star, we estimate that strong, long-duration (t~104 s) X-ray flares occur approximately 1% of the time. This appears to be somewhat higher than the flaring frequency observed in the Hyades. In fact, Stern et al. (1994) detected only one flare in one PSPC field in the Hyades. This may be indicative of the overall decrease in activity and rotation rate from the age of the Pleiades to the age of the Hyades. On the other hand, Pleiades flares occur less often than on the UV Ceti-type flare stars (see Pallavicini et al. 1990 ).
In fact, Fleming et al. (1995) find that the flaring rate for dMe stars in the ROSA T all-sky survey may exceed 10%. Thus, the low flaring rate in the Pleiades may appear somewhat surprising given the youth and high rotational velocities of the Pleiades stars. However, the flares we detect in the Pleiades are extremely energetic events, with most flare luminosities in excess of 3 x 10 a°ergs s-_. We detect very few less energetic flares. Hence, we may be substantially underestimating the flaring frequency.
The duration and peak luminosities of the Pleiades flares are reminiscent of strong flares detected on Algol by EXOSAT (van den Oord & Mewe 1989) and Ginga (Stern et al. 1992 ) and on T Tauri stars in p Oph (Montmerle et al. 1983) and Orion (Gagn6 et al. 1995) . We have modeled one of the flares, associated with the late-K Pleiades star H II 1516, with a simple quasi-static cooling loop model. From the PSPC spectrum and light curve of the flare, we determine a peak emission measure in excess of 10s4 cm -3 and infer a peak electron density ne ;_ 10 __ cm-_. This suggests a large-scale flare event.
Since the Pleiades have been extensively monitored by both Einstein and ROSAT, we have been able to examine the variability of individual stars on timescales of~1 yr between individual ROSAT exposures and over a decade between the Einstein and ROSAT missions. We find that on ,,, 1 yr timescales, approximately one-fourth of the late-type Pleiades stars are variable by more than a factor of 2. This is approximately the same fraction derived by us for the T Tauri stars in the Orion Nebula region (Gagn6 & Caillault 1994; Gagn6 et al. 1995) . Based on Einstein observations of the p Oph cloud, Montmerle et al. (1983) suggest that the flux variations in T Tauri stars may be the result of continual flaring; however, the Pleiades ROSA T data are inconclusive.
On decade-long timescales, up to 40% of the late-type stars are variable by more than a factor of 2. This result is in good agreement with the fraction determined by Schmitt et al. (1993) based on a similar analysis of the ROSA T all-sky survey data. Schmitt et al. (1993) have interpreted their findings as possible evidence of solar-like activity cycles in the Pleiades. However, we warn that the uncertainties involved in the determination of count-rate ratios are quite high because of the low detection threshold of the X-ray surveys. Moreover, we have compared data on only two timescales, and the level of variability is only marginally higher on the longer timescales. In order to determine the true nature of X-ray variability in late-type stars, frequent sampling over a much longer time line is required.
Note added in manuscript.--A strong flare detected in the PSPC data for the Hyades cluster member H II 2411 and reported by Preibisch & Neuh/iuser (1995) was not discussed herein because this star is not a Pleiades cluster member.
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